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The potential for the use of contrast echocardiography
to study myocardial perfusion has generated efforts to
develop standardized echo contrast agents. The two
methods used in this laboratory to generate microbub-
hies in solutions serving as contrast agents included the
widely used hand-agitation method and the newer ul-
trasonic microcavitation (sonication) method. The latter
has been demonstrated to generate smaller and more
uniform microbubbles in an in vitro system.
The present study was designed to observe, by direct
Existing techniques for two-dimensional contrast echocar-
diographic imaging of myocardial tissue (1-5) , chambers
(6), shunts (7) and valvular abnormal ities (8) rely on the
introduction of contrast agent solutions containing micro-
bubbles of air, which alter the acoustic impedance and produce
differential echo enhancement. Kremkau et al. (9) and Meltzer
et al . (10) have shown that the source of the echo contrast
effect is gaseous microbubbles. Initial studies used hand-
agitat ion techniques to generate the microbubbles in various
solutions. However, the hand-agitated microbubbles were
subject to significant variability in size and stability (II),
thus limiting their reliability in quantitative echo contrast
studies.
To minimize the variability, we have used ultrasonic
cavitation (sonication) to generate small, relatively uniform
and more stable microbubbles. This new method of pro-
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microscopic examination of a cat mesentery preparation,
the behavior and fate of the microbubbles in an in vivo
system. The in vivo mesentery observations confirm the
critical role of microbubble size in its unhindered pas-
sage through the capillary vasculature. The smaller and
more uniform sonicated microbubbles passed rapidly
through the microcirculation along with the red blood
cells, whereas the larger microbubbles were observed to
coalesceand interrupt the flowofblood and subsequently
collapse or shrink.
ducing microbubbles has been applied during in vitro screen-
ing studies of echo contra st agents (12).
The present study was designed to observe, within a
living system, the comparative behavior of hand-agitated
and sonicated contrast agent solutions containing micro-
bubbles of different sizes. The cat mesentery preparation
was used as the in vivo model , because prior investigations
(13) of the microcirculation have also used the cat model.
The present observations confirm our earlier postulate, based
on in vitro studies, that the smaller and more uniform mi-
crobubbles resulting from sonication are capable of trans-
capillary passage .
Methods
The mesentery preparation and methods used in this study
were similar to those used in an earlier study (14) and will
be described briefly.
Intravital microscope. The intravital microscope ap-
paratus consisted of the animal stage, microscope , xenon
light source, both cine and videotape recording capabilities,
TV monitor and camera. The telescopic microscope was
equipped with io « (UM IO), 32 x (UMK32) and 50 x
(UMK50) objectives with a long working distance (Leitz).
Twenty percent of the beam was directed into a low light
level TV monitor that was connected to a video recorder,
and 80% was directed into a cine camera. A 16 mm Milliken
camera (DBM 54, Teledyne Camera System) synchronized
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with the xenon lamp was used to take color pictures with
Ektachrome film 7250 (Kodak) at a rate of 400 frames/so
The light source was a pulsed, short gap 300-W xenon
illuminator containing a series of heat filters to lessen in-
frared radiation and a gelatin filter to lessen ultraviolet ra-
diation. The xenon was boosted to 20 watts of visible ra-
diation. Triggered by operation of the cine camera, the
power supply provided strobe impulses at rates of 25 to 400
flashes per second for TV monitoring.
The light pipe used for the transillumination of the mes-
entery consisted of a glass hollow tube outer sheath (outer
diameter 4.5 mm, inner diameter 3.5 mm, length 70 mm)
and an inner-coated optical fiber (diameter 3.0 mm, length
76.5 mm). The outer glass tube sheath was cut at a right
angle at one end, and closed and rounded at the other end.
One end of the inner optical fiber was cut at a right angle
and the other was cut at a 45° angle and aluminized to permit
reflection of light upward through the tissue toward the
microscope objective. In earlier experiments, the light pipe
increased the temperature of the tissue above the light exit
point by an amount less than 1°C during a 10 minute ob-
servation period.
Contrast agent preparation. Two methods were used
to generate the microbubbles in solutions of 70% Sorbitol,
70% dextrose and a Renografin/saline mixture (1:1 ratio).
The first method, hand-agitation, employed two syringes
connected by a three-way stopcock. A small amount of air
was introduced into a syringe to serve as a source of air for
the production of microbubbles. Mixtures of the solutions
were then forcibly flushed back and forth approximately 15
to 20 times until sufficiently agitated.
The second method employed a sonicator (Heat Systems-
Ultrasonics model W-375) to generate a controlled source
of ultrasonic energy and set in motion the microcavitation
process. The sonicator was equipped with a lead zirconate-
titanate electrostrictive (piezoelectric) crystal. The tip of the
sonicator hom was introduced into a solution, resulting in
the production of surface agitation and cavitation which,
with powerful ultrasonic compressions and rarefactions, cre-
ated microcavities within the liquids. After the collapse of
the resonant bubbles and the cessation of the ultrasonic
energy, a second generation of bubbles remained (15). These
"by-product" microbubbles were the subject of this study.
Animal preparation. For the experiments, 10 cats
weighing between 2.3 and 4.5 kg were used. Sedation was
accomplished using ketamine hydrochloride (18 mg/kg body
weight) followed by intramuscular injection of atropine sul-
fate (0.4 to 0.5 mg). Heparin was injected intravenously
(100 IV/kg body weight) and sodium pentobarbital (maxi-
mal total dose of 25 mg/kg body weight) at intervals required
to maintain a significant level of anesthesia. A flexible cath-
eter was inserted into the femoral vein to receive the drugs.
A tracheostomy was performed on the cats to artificially
ventilate them with room air using an infant ventilator (LS104-
150, Bourns, Inc.). A polygraph (Electronics for Medicine,
Honeywell Inc.) recorded heart rate and arterial pressure
(Statham P23Db) on selected animals.
The mesentery microcirculation was prepared by opening
the peritoneal cavity with an abdominal midline incision,
and exteriorizing a single loop of bowel which was kept
moist with a wet saline gauze. The light pipe was positioned
just underneath the tissue and stabilized by a multiple joint
manipulator. The arterial catheterization technique was sim-
ilar to that used by Starr and Frasher (16). The mesenteric
sectors were inspected to assure the absence of excessive
fat deposits and the presence of an arterial branching pattern
suitable for cannulation (Fig. 1).
After preparing the microbubbles by either hand-agitat-
ing or sonicating a solution. 3 ml of the prepared solution
was continuously injected into the mesentery artery circu-
lation through the cannula for 30 to 45 seconds. After each
injection, the artery was flushed with heparinized saline
solution, and arterial backflow was satisfactorily established
before further injections were instituted.
Analysis. To measure the in vivo diameters of the mi-
crobubbles visualized within the mesenteric circulation, either
the 16 mm movie frames (400 frames/s) or the videotape
images (30 frames/s) were projected onto a screen, and a
reference scale was placed either on top of or to the side of
the recorded images (Fig. 2). A caliper was used to deter-
mine the comparative sizes of the microbubbles. The mi-
crobubble sizes were divided into two groups, those micro-
bubbles smaller than 10 fJ- and those 10 fJ- or larger. In the
latter group, the average diameters were recorded.
With regard to in vivo flow characteristics, the following
sequence ofevents was considered to be evidence ofvascular
obstruction: 1) deformity of a microbubble's spherical shape
(Fig. 3) due to the smaller diameter of the conduit vessel,
2) apparent interruption of flow resulting in the "back up"
Figure 1. Drawing illustrating the method of mesenteric artery
cannulation (modified fromanapproach byStarrandFrasher [16]).
The cannula was inserted by a retrograde approach into a branch
of the mesentery artery secured by a ligature. The arrows indicate
the direction of the blood flow and the injection stream.
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3Figure 2. A, Sonicated Sorbitol 70% so-lution containing gaseous microbubbles is
shown to pass readily through the cat mes-
entery microcirculation. Each 16 mm movie
frame represents 11400 of a second. Note that
the flow was unhindered and the microbubble
(horizonta l arrows) has a spherical shape .
The mean size of the cat red blood cell is
6.5 p.. The thick curved arrow in frame I
indicates the direction of flow. B, A similar
sequence of 16 mm movie frames depicts
larger microbubbles within a mixture of hand-
agitated Renografin-76 and 0.9% saline so-
lution. The average microbubble size is larger
than 10 p. in this series, and the flow through
the vessel is not as rapid as that seen with
the smaller microbubbles in A. Note that in
frames 4 and 5, there is distortion of the
bubbles' spherical shape due to the limiting
size of the blood vessel. The arrow in frame
1 indicates the direction of flow.
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Table 1. Summary of Data
Results
of the red blood cells, and 3) resumption of a "normal"
stochastic flow pattern after the passage of the "larger"
microbubbles. On the other hand, if the diameter of the
microbubbles was smaller than that of the containing vessel,
and if the red blood cells flowed in tandem with the micro-
bubbles without apparent interruption of the normal sto-
chastic pattern, then the assumption was made that these
microbubbles were not obstructing flow. The evaluation of
bubble collapse or shrinkage was made by a frame by frame
review of the images using a clear cellophane tracing to
measure the individual microbubble diameters with a caliper.
Microbubbles'
Fate
All 50 passed through
vessels under
examination.
Generally passed
through vessels; 15
showed transient
blockage followed
by shrinkage or
subsequent collapse.
25 All 25 bubbles
visualized blocked
capillary vessels
during passage for a
brief period, varying
from a few seconds
to longer than I
minute.
:2: 15Renografin/saline 10
solution
(hand-agitated)
Diameters Number
Agent Injections (JL) Counted
Sorbitol 70% 10 <10 50
(sonicated)
Dextrose 70% 10 10 to IS 50
(sonicated)
A summary of the results of the 10 cat mesentery exper-
iments is presented in Table 1, which lists the three solutions
tested and the manner of generating microbubbles in each,
the number of injections, the average diameters of the mi-
crobubbles observed in vivo, the number of microbubbles
counted and a brief statement describing the observed fate
of the respective microbubble populations. The smallest and
most uniform microbubbles of the sonicated Sorbitol 70%
solution were consistently noted to pass unhindered through
the capillary circuits along with the individual red blood
cells. By contrast, the larger and more variable microbub-
bles contained in the sonicated Dextrose 70% solution were
noted to pass through the capillaries or briefly obstruct flow
and, on shrinking or collapsing, permit free flow to resume.
The even larger and more variable microbubbles contained
in the hand-agitated Renografin and saline solution con-
sistently obstructed flow for relatively long periods of time.
From the 10 cat preparations, videotape or cine record-
ings were made during the injection periods and were later
reviewed. Representative samples of the images were se-
lected and are shown in Figures 2 and 3. The selected images
11111111,,1
100ft
Figure 3. The "large" microbubble in this figure is from a hand-
agitated Renografin and saline mixture. Note the loss of its spheri-
cal shape and the "back up" of the red blood cells in the blood
vessel, suggestive of vascular occlusion. The arrow in frame 1
indicates the direction of flow.
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are consecutive 16 mm movie frames recorded at 1/400 of
a second.
The first sequence of motion picture frames (Fig. 2A)
depicts the unobstructed passage of the sonicated Sorbitol
70% microbubbles and red blood cells through the mes-
entery capillary circulation. A measurment scale is supplied
with each bar representing a distance of 10 J-L. The micro-
bubbles observed were less than 10 J-L.
The next series of photographs (Fig. 2B) demonstrate
that the larger microbubbles of the hand-agitated Renografin
and saline solution (mean bubble size 16± 13 J-L) did not
pass a'S readily through the microcirculation as did the smaller
microbubbles of sonicated Sorbitol 70%.
The third sequence of photographs (Fig. 3) depicts the
fate of a single "large" microbubble of the hand-agitated
Renografin and saline solution. Note the distortion of the
microbubble shape and the slow passage and subsequent
"back up" of the red blood cells within the vessel.
Discussion
Despite numerous reports (1-8) on the potentially broad
clinical applications of contrast echocardiography, there have
been few systematic attempts to study in vivo behavior of
contrast agents. The earlier echo contrast studies using hand-
agitated microbubbles postulated that the frequently large
and unpredictable sizes of the microbubbles render them
unable to reliably and consistently cross the capillary vessels
(10). Recently, Kort and Kronzon (17) observed that large
hand-agitated microbubbles contained in solutions ob-
structed arterioles for a significant period of time (longer
than 200 seconds) before passing downstream.
The present study utilized a new ultrasonic process (son-
ication) developed in our laboratory to produce relatively
small and uniform microbubbles as previously demon-
strated in vitro (12). These bubbles were then injected into
the cat mesentery circulation to observe their fate in vivo.
Limitations of study. The limitations include the small
sampling size of the region of interest associated with the
mesentery model and the influence of physical and chemical
factors within the circulatory systems which may alter the
size and stability of the microbubbles. At the present time,
the more viscous sonicated solutions described previously
(12) have provided smaller and more stable microbubbles
when compared with the other less viscous solutions. Other
properties of the agents and their effects on microbubble
formation by sonication are presently undergoing investi-
gation. In addition, alterations in the pattern of mesentery
flow may be anticipated secondary to unusual conditions
such as arterial cannulation and exteriorization of the bowel.
Also. the flow patterns of the cat mesentery artery system
do not necessarily correspond with the complex flow pat-
terns seen in other vascular tissues such as the myocardium.
Conclusions and implications. Despite these limita-
tions. we believe that cautious conclusions may be drawn
from our observations. First, the microbubble size plays a
critical role in the passage of the injected microbubbles
through the capillary bed. In addition, the fate of micro-
bubbles too large to cross the capillary bed shows them to
coalesce or temporarily obstruct flow, and subsequently to
shrink or collapse.
To date, a reliable quantitative echocardiographic con-
trast analysis of perfusion defects in the myocardium has
not been feasible, partly because of the variability of the
microbubbles. In addition, efforts to use contrast echocar-
diographic techniques to assist in quantifying myocardial
perfusion have assumed the premise that the flow of gaseous
microbubbles actually corresponds with the myocardial blood
flow.
Newer sonication techniques produce microbubbles that
are more or less consistently capable of passing through the
capillary circulation. This study has demonstrated the po-
tential ability of these sonicated microbubbles to flow with
the red blood cells in the microcirculation and has directly
observed such tandem flow by microscopic examination. It
is believed that this newer method of producing echo con-
trast agents may provide a basis for further efforts at quan-
titating myocardial perfusion defects using two-dimensional
contrast echocardiography.
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